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cu I INTRODUCTION w 

Most space vehicles operating within both a planet ' s  atmosphere and I n  

the near vacuum of space w i l l  require some means of thermally protecting 

the propellant tanks. 

necessary t o  e i ther  minimize the  amount of heat absorbed or the  amount of 

;s 
Depending upon the  par t icu lar  mission, 1C-y be 

heat l o s t  by the propellant. 

The methods available t o  control heat input or output are many, ranging 

from a simple insulated tank t o  the more complex machinery required for  re-  

f r igerat ion.  

weight considerations and the  degree of complexity involved, since the  

complexity usually makes high r e l i a b i l i t y  d i f f i c u l t  t o  obtain. 

thermal protectiion systems can be c lass i f ied  as passive or active; passive 

systems include surface coatings, conventional insulations, superinsulations, 

and shadow shields,  whereas active systems include tank heaters, re f r igera t ion  

systems, re l iqu i f ica t ion  systems, and so forth.  The passive methods generally 

The choice of any par t icular  method i s  usually dictated by 

I n  general, 

provide the  l i g h t e s t  weight and the l e a s t  complex systems for  the  short  

duration (less than hours) and intermediate (greater  than hours but l e s s  

than years) missions. Active systems may be required for  both cryogenic 
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and s torable  propellants on long duration (greater than years) missions or 

where extended planetary operations are necessary, 

ac t ive  and passive systems also depends on the surface area-to-volume 

The tradeoff between 

I 

r a t i o  - the smaller volume tanks requiring act ive systems e a r l i e r  than the 

la rger  tanks (Rbfs. 1 and 2) .  

This paper w i l l  concentrate on the thermal-protection systems f o r  the 

intermediate duration missions because of both the immediate i n t e r e s t  i n  

t h i s  area (e.g., Apollo, planetary orbiters,  and so for th)  and the  apparent 

gap i n  technology i n  the required thermal protection systems. 

mediate duration missions usually require the use of radiat ion bar r ie rs  

The in t e r -  

such as superinsulation (multiple-foil insulation) or shadow shields 

(Ref. 3 t o  10) Radiation barr iers ,  however, must be i n  a vacuum environ- 

ment i n  order t o  be effect ive which consequently makes them incompatible 

with the  necessary operations w i t h i n  t he  Earth's atmosphere. This i s  the  

primary source of problems encountered i n  applying lightweight radiat ion 

bar r ie rs  t o  space vehicles. 

It i s  the purpose of t h i s  paper t o  (1) br i e f ly  point out the parameters 

important t o  thermal protection, (2)  examine the  thermal protection methods, 

(3) discuss the  application problems inherent i n  using f o i l  insulat ion and 

review the current state-of-the-art, and (4) examine the  problem and appli-  

cat ion areas for  lightweight shadow shields. 

HFATING ENVIROmMENT 

In  order t o  determine the type o f  thermal protection system required 

fo r  any par t icu lar  mission, the heat sources must f irst  be examined. Heat 

sources can be c lass i f ied  as external and 
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resul t ing from the vehicle 's  surrounding environment and in te rna l  being 

those resu l t ing  from adjacent vehicle components. 

The s ignif icant  external sources consis t  of the surrounding atmosphere, 

the sun, and the planets. 

during prelaunch and aerodynamic heating due t o  passing through an 

atmosphere, can be severe and usually requires some means of thermal pro- 

tection. The overal l  e f f ec t  of atmospheric heating on the longer missions, 

however, can be made small by prelaunch and postlaunch operations (e.g., 

Refs. 11 and 12) such as replenishing boi loff  from a cryogenic tank during 

prelaunch periods or possibly subcooling a propellant pr lor  t o  launch and 

je t t isoning the aerodynamic insulation a f t e r  postlaunch heating. 

Heating due t o  an atmosphere, both on Earth 

Once outside of the atmosphere, the sun becomes the predominant 

source of heat. 

a t  the Earth's distance from the sun i s  442 Btu/hr-ft2. This heat f lux 

var ies  inversely with the square of the distance from the center of the 

sun, increasing t o  846 Btu/hr-ft2 at Venus and decreasing t o  1 9 1  Btu/hr-ft2 

at  Mars. 

from the sun i s  a function of the projected area, surface area, solar  ab- 

sorp t iv i ty ,  thermal emissivity, and temperature of the body (Ref. 13). 

put this source of heat i n  proper perspective, consider the r e su l t s  of 

placing a s ta inless-s teel  (solar absorptivity = 0.54, thermal emmis- 

s i v i t y  = O.i)7) 10-foot-diameter spherical  propellant tank a t  the Earth's 

distance from the sun. 

the sun alone would cause 100 percent of the propellant t o  boiloff per da,y 

(vented a t  14.7 psis)- 

13 pereent per day. 

The maximum amount of heat t h a t  can be absorbed by a body 

The net amount of heat absorbed by a body a t  planetary distances 

To 

If the tank contained l i qu id  hydrogen, heating from 

The same tank with l i q u i d  oxygen would boiL off  

Earth s torable  propellants such as UDI" and nitrogen 
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te t roxide would have boiloff r a t e s  of 0 and 2.1 percent per day, respectively. 

Hence, it i s  apparent that thermal prgtection *om the sun m u s t  be provided 

f o r  missions of any s igni f icant  duratson, especially f o r  cryogenics, 

Planetary heating results from ref lec ted  solar radiat ion (albedo 

heating) and d i rec t  thermal radiatiollrfrom the planet (thermal heating) , 

The radiat ion reaching a vehicle i s  a function of the a l t i t ude  above the 

planet, the posit ion with respect t o  t he  planet (e.g., night o r  day), and 

the  a t t i t u d e  and geometry of the body i n  consideration (Refs. 14 t o  18). 

For near-planetary operations, the planetary flux, although l e s s  than the 

so la r  flux, i s  usually suf f ic ien t  towarrant bropellant tank thermal pro- 

tection. 

becomes negligible (Ref, 4) , 

heating t h a t  includes both numerical and graphical r e su l t s  for  several  

geometric configurations is  given by Reference 14. 

A t  a l t i t udes  greater  than 10 planet radii, the planetary heating 

A very comprehensive treatment of planetary 

H e a t i n g  from in t e rna l  heat sources generally results from radiat ion 

and s o l i d  conduction from adjacent components such as payloads, warm rocket 

engines, and so forth. 

the  par t icu lar  mission and vehicle configuration. For example, conduction 

through supports and plumbing of a cryogenic tank can be acute for long 

duration missions. 

The heating o r  cooling can be severe depending on 

Now t h a t  the heat sources have been defined br ie f ly ,  the methods of 

thermal protection and the  inherent application problems w i l l  be discussed. 

More extensive considerations of the heat sources a re  given i n  Refer- 

ences 8, 14, and 15. 
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THERMA1L PROTECTION MEX'HODS 

Coatings 

Coatings a re  a form of surface treatment used t o  a l t e r  the absorp- 

t i v i t y  and emissivity character is t ics  of a surface, Since the predominant 

mechanism of heat t ransfer  t o  a space vehicle i s  by thermal radiation, 

coatings provide a r e l a t ive ly  inexpensive method, from the standpoint of 

weight considerations, of helping t o  control the heat input or output 

of a surface. 

previously considered were coated with f l a t  white acry l ic  @Ant 

(as t O.@, as given i n  Table I), the boi loff  r a t e  due t o  so la r  heating 

would be cut i n  half ,  The only penalty involved would be the weight of 

the cqating used. 

For example, if the surface of a spherical  hydrogen tank 

The surface coating a l so  has a strong e f f ec t  on the equilibrium 

temperature of a vehicle, 

per fec t ly  insulated spherical  and cyl indrical  surfaces ro ta t ing  i n  the sun 

fo r  various values of solar absorptivity t o  thermal emissivity r a t io s  

(aslet)  , 

distances from the sun. 

t o  vary roughly from 100' t o  400' R traversing the distance between Venus 

and Mars. 

reduced considerably with coatings, A clean 7075 aluminum surface, fo r  

example, can be reduced from 790' t o  400' R by painting with f l a t  white 

acry l ic  paint. For r a t i o s  around 1.0 (e.g., du l l  black enamel pa in t ) ,  

Earth s torable  propellants could be store& indefini te ly  a t  the Earth's 

dis tance from the  sun. 

Figure 1 gives the equilibrium temperature of 

Temperatures a re  given fo r  surfaces a t  Venus, Earth, and Mars 

The temperature of a par t icu lar  surface i s  seen 

It i s  a l so  qui te  apparent t h a t  the surface temperature can be 
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I 
The equilibrium temperature as given i n  Figure 1 is  very useful for  

prelirdnary analysis of thermal protection requirements i n  tha t  it provides 

an upper boundary of the surface temperature fo r  an insulated tank, 

insulat ion requirements based on this temperature a re  qui te  conservative. 

The 

Insulation 

From the  above discussion it i s  apparent that  coatings alone cannot 

afford enough protection fo r  the longer duration missions, especially 

when cryogenic propellants a r e  used. The next obvious s tep  i s  t o  insulate  

the propellant tank and t o  apply the coating on the outer surface of the 

insulation. 

1 inch of foam insulat ion would reduce the boiloff r a t e  t o  34.4 percent 

per day and 1 inch of f o i l  insulation (assuming no deter iorat ion i n  f o i l  

properties due t o  application) would reduce the r a t e  t o  0,105 percent 

per day. Hence, it i s  apparent t ha t  insulat ion can reduce the heat input 

considerably. 

For the  10-foot spherical hydrogen tank discussed previously, 

The remaining task  i s  t o  se lec t  the insulat ion tha t  w i l l  y ie ld  the 

lowest overall  weight penalty fo r  a given mission. 

system where the heat input or output m u s t  be limited, the minimum weight 

penalty is  obtained with the insulation with the lowest value of thermal 

conductivity times density (kp)*. 

su la t ion  i s  used on a s torable  tank t o  prevent propellant freezing. 

missions where a propellant w i l l  boiloff,  and tradeoff must be made between 

For an insulated 

This applies, for  example, when an in- 

For 

* 
See the  appendix fo r  the def ini t ion of a l l  symbols. 
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the  boiloff weight and the insulation weight. 

much d e t a i l  about indivicWa1 stage design, the veight penalty chargeable 

Without ge t t ing  i n t o  too 

t o  a thermal protection system i s  given by 

"he f i r s t  term i s  the insulat ion weight and the second i s  the boiloff 

weight penalty. The factor  K accounts fo r  the e f f ec t  of losing boiloff 

before stage f i r i n g  and the e f f ec t  of addi t ional  s t ruc ture  required t o  

contain the propellant that w i l l  boil dff  (e-g., Ref, 8). Solving the 

previous equation fo r  the optimum insulation thickness and subst i tut ing 

back i n t o  equation (11) reveals t h a t  t he  minimum weight penalty i s  

d i r ec t ly  proportional t o  the *. Although the  above analysis i s  

grossly simplifaed, it serves t o  point out the insulat ion comparison 

parameter for  systems where boi loff  takes place. Table 2 l i s t s  values 

of k and p as w e l l  as the parameters kp and f o r  several  

insulations.  

Of the nonevacuated insulations,  foam appears most beneficial .  If 

weight penal t ies  fo r  foam insulated systems are examined fo r  missions 

of any s igni f icant  duration, however, it immediately becomes apparent t ha t  

foams a re  not sat isfactory.  Foam i s  currently being used on the Saturn 

SIVB, Saturn SII ,  and the  Centaur, but a l l  of these vehicles have short  

mission times (on the  order of hours). 

times would r e s u l t  i n  la rge  boi loff  losses.  

Any extension of t h e i r  mission 

Other insulations i n  Table I1 with lower values of 6 include 

evacuated f iberglass ,  powder, and multiple f o i l  insulations (Refs. 19 

t o  2 3 ) -  

superinsulatioy) yields  the  lowest value of 

O f  these insulations,  multiple f o i l  (more commonly cal led 

6 and for t h i s  reason 
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has been advocated by most thermal protection s tudies  i n  the past  (e.g., 

Refs, 6, 8, and 9) 

superinsulation (Ref. 21), which consists of a l te rna te  layers  of aluminum 

f o i l  and low conducting spacers (e,g., f iberglass) ,  and (2) MIC-2 

insulat ion (Ref. 23), which consists of mylar sheets with a vacuum 

deposit of aluminum on one s ide  of each sheet (generally termed aluminized 

polyester) ,  

Two examples of f o i l  insulat ion a r e  (1) Linde 

The thermal properties of the f o i l  a r e  usually expressed i n  

- terms of an apparent k t h a t  applies only fo r  a given s e t  of boundary 

conditions as shown i n  Figure 2 ( f rom R e f ,  6) .  

vacuums l e s s  than low5 Torr, The influence of vacuum, and, hence, the 

influence of gaseous conduction, on the thermal properties i s  shown i n  

Figure 3 (from Ref. 24). 

temperatures of 140' and 497' R. It i s  apparent from t h i s  f igure that 

pressures higher than lou5 Torr will seriously de te r iora te  the  thermal 

properties of the f o i l  insulation. This requirement of va#xn.~~ is  the 

p r i m y  source of problems encountered i n  applying f o i l  insulat ion t o  

These values a r e  f o r  

Tbese data are for helium gas and f o i l  boundary 

space vehicles that must necessarily start from the  atmospheric environment 

of Earth. These problems w i l l  be discussed subsequently. 

Shadow Shields 

Another form of nearly passive thermal protection i s  provided by shadow 

sh ie lds  or thermal radiat ion barriers.  The shadow shields  operate on the 

same basic  pr inciple  as  the f o i l  insulation5 the only difference being t h a t  

the shadow shields  a re  spaced further apar t  and, hence, r ad ia t e  some of 

t h e i r  heat  t o  space, The equations for  several  forms of shadow shields are  
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given i n  References 8 and 25. 

s e t  of thermally isolated,  i n f in i t e ly  conducting shadow shields  i s  a 

function of the spacing of the shields, the emissivity and absorptivity,  

and the  number of shields. 

Figure 4 shows the effect  of placing M equally spaced shields  between 

a room temperature source (530' R) and a simulated l i qu id  hydrogen tank 

(37' R) f o r  a range of spacing ratios using a constant value of emissivity 

and absorpt ivi ty  of 0.1. The spacing r a t i o  $/R i s  the distance between 

components divided by the  radius of the components, It was assumed that 

there  was heat t ransfer  only between components (i-e., no heat t ransfer  

through the tank sides) aad that the whole assembly w a s  i n  a vacuum 

environment a t  00 R, 

t o  be roughly 20' R, (ref. 8) which i s  not high enough t o  s ign i f icant ly  

a f f ec t  the results i n  Figures 4 t o  7. 

apply f o r  integer  values of t he  abscissa. From Figure 4 it i s  apparent 

that a f e w  shadow shields  can reduce d ras t i ca l ly  the hydrogen tank heat 

absorption ra tes ,  For a spacing r a t i o  of 1.0, the heat absorption r a t e  

with no shields  i s  0.6 Btu/hr-ft2. 

between the bodies reduces the r a t e  t o  0.0072 B t u / h r - f t 2 j  with f ive  shields,  

t he  r a t e  becomes negative, The negative r a t e s  a r i s e  because the amount of 

heat reaching the tank through the shields i s  less than the  mount of heat 

being radiated from the 37' R source t o  the  absolute zero temperature of 

space. 

a l so  have a strong effect  on the heat absorption rate .  

In general, the  heat t ransfer  through a 

This i s  i l l u s t r a t e d  i n  Figures 4 and 5, 

The e f fec t ive  temperature of space has been estimated 

The heat absorption rates given only 

Placing two equally spaced shields  

Figure 5 indicates t h a t  t he  absorpt ivi ty  and emissivity (a tr E) 

For example, 
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reducing the emissivity from 1 t o  0.1 decreases the heat t ransfer  by two 

or three orders of magnitude, depending upon the number of shields. 

Since the heat t ransfer  is  by radiation, it would be expected t h a t  

the heat source temperature would have a strong e f f ec t  on the heat t ransfer .  

This i s  shown on Figure 60 

source temperature for a range of shadow shields  with a constant spacing 

r a t i o  of 1.0 and a constant emissivity of 0.1. 

note about t h i s  f igure i s  t h a t  the heat t ransfer  from the  very high 

temperature sources can be reduced considerably with a few shadow shields. 

For a 3000' R source, for  example, the  heat input i s  eliminated with 10 

shields.  

The heat absorption r a t e  is  shown versus 

The s igni f icant  f a c t  t o  

The shadow shields  can a l s o  be used t o  sh ie ld  a propellant from solar 

radiation. This requires some means of continuously pointing the  shields  

toward the sun. 

and that is the surface properties of t he  outermost shield- namely, 

the  so la r  absorpt ivi ty  and thermal emissivity. 

properties a r e  shown i n  Figure 7 where the heat t ransferred i n t o  a 

hydrogen tank i s  given as a function of number of shadow shields for  a 

spacing r a t i o  of 0.5; t h a t  is, the outermost shield is located 0.5 radii 

f'rom the end of the propellant tank. 

conical array t o  allow some l a t i t ude  i n  the a t t i t u d e  control system that 

or ien ts  the shields  toward the sun. The f igure indicates  t h a t  it i s  

desirable  t o  have a low so lar  absorptivity and a high thermal emissivity as 

expected. It i s  in te res t ing  t o  note t h a t  even with the small spacing r a t i o  

used, the  heat t ransfer  i n t o  a hydrogen tank can be eliminated with nine 

shields .  

fewer sh ie lds  (e. g., ,Fig. 4). 

For the  solar shields, another var iable  is  introduced 

The ef fec ts  of the  surface 

The shields  are i n  a 3-degree 

Larger spacing r a t i o s  could eliminate the heat t ransfer  with 
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From the  preceeding discussian, it i s  apparent that shadow shields 

a r e  by fxr the most e f f i c i en t  mans of reducing heat t ransfer  t o  a space 

vehicle propellant tank providing the radiat ion from the  heat source i s  

unidirectional.  

the  par t icu lar  mission and vehicle configuration r e s t r a in t s .  

The decision whether or not t o  use shields  depends on 

Shadow shields 

alone, for example, could not effect ively protect a propellant tank from 

both the  sun and a planet during near-planetary operations, 

Interconnecting Structural  Members and Plumbing 

Another important area of thermal protection l i e s  i n  the proper 

se lec t ion  and design of interconnecting s t ructures  and plumbing. This i s  

especial ly  important for  cryogenic tankage. For the purposes of this 

paper, the penalty chargeable t o  the  interconnecting members i s  

Wps = Wstructure + cwbo (2) 

where 

Grossly simplified, the weight penalty can be wri t ten as follows: 

C is  a constant t o  account for boiloff pr ior  t o  stage firing, 

3 + a lTz - k dT 
wPs s 2% S (3) 

where the  load over the  s t r e s s  

member. 

possibly 2 will be fixed- This reduces the weight penalty t o  a function 

P/S replaces the area of the s t ruc tura l  

For a given vehicle it i s  quite l i k e l y  that P, C, T, h, and 

of the material  density-to-stress ra t ios  

conductivity and temperature difference over the s t r e s s  Jk+. m e  

i n t e g r a l  i s  used because k var ies  considerably between room temperature 

p/S and the  product of thermal 
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and cryogenic temperatures. For the long duration missions, the Jk dT/S 

parameter i s  the  overpowering factor  i n  the t o t a l  weight penalty. 

density-to-stress r a t i o  

The 

p/S w i l l  probably be a second order e f fec t  be- 

cause the interconnecting s t ruc tu ra l  members and plumbing are usually a 

sma l l  percentage of the vehicle s t ruc tura l  weight. 

Again, although the preceeding equations are approximate, they a r e  

These useful  i n  that they point out the important pwameters involved. 

parameters a re  shown i n  Table I11 for  several  materials. Examination 

of Table I11 Will h e d i a t e l y  point out that of the metals considered, 

aluminum, the most commonly used s t r u c t u r a l  member, w i l l  cause the 

l a rges t  boiloff penalt ies.  

sented by The nonmetals, despite t h e i r  

r e l a t i v e l y  poor structuraL properties, should a l so  be considered fo r  the  

long duri t ion missions as they have the lowest values of Sk dT/S, The 

t o t a l  weight penal t ies  due t o  heat leaks through s t r u t s  and plumbing depend 

Using titanium w i l l  reduce the penalty (repre- 

k dT/S) by a factor  of 20. s 

grea t ly  on the vehicle and the  mission duration, Values f o r  a typ ica l  

vehicle a re  given subsequently. 

The thermal protection methods discussed thus f&, that is, coatings, 

insulat ions,  shadow shields,  and low conducting interconnecting members, 

are the most obvious passive means available for  thermal protection on the  

intermediate range missions, Additional methods t o  help reduce the  thermal 

protect ion sys.tem weights, which involve varying degrees of complexity, 

a r e  available.  Some of these a re  the  se lec t ive  placement of components t o  

give a monotonic temperature gradient, t he  u t i l i z a t i o n  of boiloff gases 

for  cooling heat sources or w a r m  insulation surfaces, the u t i l i z a t i o n  of the  
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heat s ink available I n  propellants ( th i s  may require  a mixing device since 

propellants will probably s t r a t i f y  i n  a zero gravi ty  condition), and the 

select ion of heating environment (e.g., moon operations on dark s ide of 

moon f o r  cryogenics) I 

APPLICATION PROBLEMS 

The purpose of this sect ion w i l l  be t o  concentrate on the application 

problems of f o i l  insulat ion and shadow shields  because of the  poten t ia l  

weight savings available with these systems over the conventionally insu- 

l a t ed  systems for  the  intermediate duration missions. This i s  not t o  

imply, however, t h a t  there  a re  no application problems inherent i n  the  

other thermal protection methods discussed. 

Coatingsl i n  general, will provide a straightforward method of con- 

t r o l l i n g  the heat input (over an order-of-magnitude range) for the  short  

duration missions, 

determining the e f fec ts  of meteoroid errosion, prolonged solar radiation, 

and surface evaporation on the surface charac te r i s t ics  of the materials. 

Reference 26 gives the e f fec ts  of the s p c e  environment on vasious materiaLs. 

&tended missions t i m e s ,  however, w i l l  require 

Conventional insulat ions f o r  cryogenic t-e w i l l  provide some problems 

for  both the short  and intermediate range missions (e.g., R e f .  27) such as 

seal ing the insulat ion t o  prevent cryogenic pumping or purging the insula- 

t i o n  w i t h  a noncondensable gas and applying r e l a t ive ly  large thicknesses 

of insulation. 

weight penal t ies  w i l l  be prohibit ive unless special  s teps  are taken t o  

minimize the heat reaching the propellant tank (use of shadow shields,  e.g.). 

For most cryogenic missions over a few hours duration, t he  
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Design of tank supports, necessary plumbing, and so  forth for 

cryogenic tanks w i l l  be influenced heavily by thermal considerations for 

intermediate and long duration missions. 

and nonmetallic materials and unconvention.al design techniques (Ref. 28) 

will have to be employed to minimize the penalties due to structural heat 

leaks . 

Both low conducting metallic 

Foil Insulation 

Application methods and pa@blems. - As mentioned previously, the vacuum 
requirement for foil insulation makes it incompatible with the necessary 

operations within the atmosphere u n l e s s  special steps are taken to provide 

a vacuum. Ground storage dewars, with their heavy double-walled vacuum 

jackets, have used multiple foil insulation for years because weight is 

not of primary importance. Obviously, these systems would be quite im- 

practical for most space vehicles, 

is required for applying foils to a space-weight propellant tank to 

accomodate the transition from an Easth environment to a space environment 

and still retain the desirable insulating properties of the foil. This is 

probably the single most important problem facing the foil application 

field today. 

Consequently, a lightweight method 

Other application problems exist including (1) designing the system 

to avoid boost aerodynamic loading and heating of the foil, (2) determining 

methods of minimizing heat leaks due to penetrations and discontinuities 

in the insulation (Ref. 28), (3) determining manufacturing techniques of 

applying the insulation to space vehicle tankage (Ref. 29), and (4) deter- 

mining the necessary handling techniques. These problems are important 
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but w i l l  be of no i n t e r e s t  unless a reasonable application method i s  deter-  

mined t o  insure e f f i c i e n t  f o i l  perfomance during or short ly  after the  

Earth-space environmental t ransi t ion.  

There are, i n  general, two methods available t o  circumvent the heavy 

double-walled dewas s t ruc ture  n o r a y  used t o  provide a vacuum environment 

for fo i l s .  The most obvious method is  t o  bui ld  a special ly  designed l igh t -  

weight vacuum jacket fo r  the propellant tank. The other method consists 

of sacr i f ic ing  ground performance by allowing gases within the f o i l s  and 

then using the  vacuum of space fo r  f o i l  evacuation, 

Recent e f fo r t s  t o  bui ld  a lightweight vacuum jacket have resu l ted  

i n  the vacuum-bag concept (Ref, 21, 30, 31, and 32) 

technique (Fig, 8(a)) consis ts  of laying the  f o i l  insulat ion d i r ec t ly  on 

the tank surface and then enclosing the whole assembly within a f lex ib le  

The vacuum-bag 

vacuum-tight bag, 

which causes an atmospheric compression load on the f o i l  insulation, 

The compression load i n  turn causes an increase i n  the heat-transfer rate, 

which w i l l  correspondingly decrease as t he  propellant tank moves up through 

the atmosphere i n t o  the vacuum of space, 

(Ref. 21) f irst  proved the f e a s i b i l i t y  of this concept and generally gave 

encouraging r e su l t s ,  The tests indicated that the  insulat ion would recover 

95 percent of i t s  or ig ina l  thickness and maintain i t s  or ig ina l  value of 

thermal conductivity once the atmospheric compression load was removed 

( e n t i r e  assembly placed i n  a vacuum chamber). 

recover i t s  or ig ina l  thickness was a t t r ibu ted  t o  permanent s e t s  i n  the 

vacuum bag. Heat-transfer r a t e s  during atmospheric compression were roughly 

100 times higher than the no& uncompressed ra tes .  

A vacuum is drawn between the  vacuum bag and tank w a l l  

Small scale  vacuum-bag tests 

Failure o f  the insulat ion t o  

The compressed r a t e s  



agree well with the  results of t he  well-controlled laboratory tests reported 

i n  Reference 33 tha t  a l so  indicated a factor  of 100, References 30 and 31 

reported t h e  results of applying a vacuum bag (l/Z m i 1  mylar - 1 mll Al - 
1/2 mil mylar) t o  the  cyl indrical  section of a l.5-foot diameter, 9-foot- 

long tank insulated with f o i l ,  

by other means. 

simulated ground hold was s t i l l  roughly 100 times the  nomnally uncompressed 

rate ,  but a f t e r  release of the atmospheric force, the  insulat ion only re- 

covered 72 percent of i t s  or iginal  t h i c h e s s ,  Heat-tramfer r a t e s  through 

the decompressed insulat ion were not available, but they are expected t o  

be considerably higher than those reported for  t he  snzall-scale t e s t s ,  

The ends of t h e  cylinder were insulated 

The compressed insulation heat-transfer r a t e  during a 

Recect work (Ref. 32) OE a 44oot-diameter insulated hydrogen tank 

more closely simulated an ac tua l  space vehicle application. 

completely icsulated w i t h  1 inch of f o i l  Insulation an2 then ecclosed i n  

a vacuum bag. 

t he  normally uncompressed rates, 

insulat ion (space simulation) was  0 - 8  Btu/hr-ft2, which i s  roughly seven 

times higher than t h a t  predicted using ideal  f o i l  properties f o r  uninter- 

rupted insulation. Tkese r a t e s  correspond t o  zn effect ive thermal conduc- 

t i v i t y  of 1.6EX10-3 B t u  i n , / (h r ) ( f t2 )  % fo r  t he  1 ir,& of fo i l .  

of the  i n s t a l l e d  insulat ion w a s  11.7 l b / f t 3  (includes vacuum bag, and so 

for th)  which yields  kp and @ values of 0,0194 and 00133, respectively. 

These results a re  encouraging in tha t  they represent a reasonable simulation 

of an insu la ted  propellant, tank. 

The tank was 

Again the compressed heat-transfer r a t e s  were roigkily 100 times 

The heat-transfer rate of the decompressed 

?ne density 
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The deter iorat ion of the  f o i l  properties i n  the  vacuum-bag tests were, 

as mentioned eazlier,  largely a r e su l t  of permanent s e t s  i n  the vacuum-bag 

material. This i s  a l so  supported by the  f ac t  tha t  compression t e s t s  of 

Insulation samples alone (with no vacuum bag) indicate  no deterioration of 

the  thermal properties a f t e r  compression and decompression (Ref e 24).  The 

degree of vacuum-bag recovery w i l l  depend grea t ly  on the  resi l iency of the  

underlying insulation. The t e s t s  reported i n  References 21, 30, 31, and 32 

used a l te rna te  layers of aluminum f o i l  and f iberglass  m a t  which w i l l  

probably be more r e s i l i e n t  than the  crinkled aluminized polyester insul ta t ion.  

Methods of improving the vacuum-bag recovery, which w i l l  i n  turn improve 

f o i l  performance, include (1) using a thinner more f lex ib le  bag material, 

(2)  removing the bag once i n  the environment of space, (3) using a special  

means of "popping" the  bag out t o  i t s  or ig ina l  shape once i n  space, and 

(4)  providing ameans of suspending the 'bag from the  f o f l  insulation surface 

t o  avoid compression. 

Assuming the  bag recovery problem can be solved, there  s t i l l  remains 

the problem of avoiding leaks i n  the vacuum jacket during atmospheric 

operation. Good seals around s t r u t s  and plumbing, f o r  example, m u s t  be 

maintained especially on cryogenic tankage t o  avoid cocdensatfon of in- 

leaking gases within the f o i l  insula+,ion, 

i n  the  vacuum bag may be extremely hard t o  detect  due t o  condensation of the  

in-leaking gases and the i n i t i a l l y  high heat-transfer rates of the  compressed 

f o i l .  

se r ious ly  deteriorated insulat ion unless an adequate vacuum monitoring system 

were available.  Also, any leaks and subsequent gas condensation within the 

It should be noted that  leaks 

Hence, it would be possible t o  unknowingly launch a system with a 
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insulat ion would require extremely l ong  hold times fo r  repair .  

of circumventing the gas condensation problem i s  shown i n  Figure 8(b). 

Another insulat ion such as foam is attached t o  the tank w a l l  t o  provide a 

r e l a t ive ly  w a r m  base surface f o r  the  f o i l  (Ref. 29), 

temperature of the foam is high enough t o  avoid condensation of incoming 

gases. 

A f i l m  heat-transfer coeff ic ient  of 2 Btu/hr-ft' OR m d  an environmental 

temperature of 540° R were used t o  obtain these curves for  a foil-foam 

combination on a l iqu id  hydrogen tank. 

14.7 psia. 

atmosphere of pressure was assumed t o  be 100 t i m e s  t h a t  of the uncompressed 

insulat ion (Ref. 30 and 33), 

t o  maintain a 160° R base surface is  roughly equivalent t o  the uncompressed 

f o i l  thickness. 

out base insulation. 

l i t t l e  t o  decreasing the  boi loff  rates.  

var ies  from 0.20 t o  0,88 lb / f t2  fo r  1/4 inch and 3 inches of f o i l ,  re- 

spectively (includes 0.10 l b / f t 2  glue l i n e  and 0,03 lb / f t2  sea l ) ,  

weight, however, i s  traded for the increased r e l i a b i l i t y  of the integrated 

thermal protection system. The surface of the foam would, of course, have 

t o  be adequately sealed t o  prevent contamination of the f o i l s  by outgassing. 

A method 

The surface 

The foam requirements for  such a system a re  shown i n  Figure 9. 

The hydrogen tank w a s  vented a t  

The heat t ransfer  through the  compressed f o i l  under one 

The repltilts indicate  that the foam required 

Also plot ted i n  Figure 9 I s  the  boi loff  r a t e  with and with- 

It i s  apparent tha t  the base insulat ion contributes 

The added weight of the foam 

This 

The second major method of applying f o i l s  t o  propellant tanks involves 

the use of purge gases during atmospheric operation w i t h  the  subsequent 

evacuation of these gases i n  the vacuum of space (Ref e 34 and 35) m e  

purged f o i l  technique (Pig, 8 ( c ) )  is  much the same as the vacuum-bag concept 
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w i t h  the exception that the  space between the bag and tank w a l l  i s  purged 

with a noncondensable gas. 

i n  the insulat ion would be required, whereas nitrogen could be used f o r  a 

l i qu id  oxygen tank. Storable, o r  room temperature, propellants require no 

purges. 

space because, as indicated i n  Figure 3, the apparent thermal conductivity 

of the f o i l  i s  a strong function of vacuum, and long evacuation t i m e s  

consequently lead t o  la rge  heat inputs or outputs. The time required t o  

evacuate a foi l - insulated system using the  vacuum of space i s  unknown a t  

t h i s  time. 

References 30 and 32, however, indicate t h a t  once a system i s  su f f i c i en t ly  

out-gassed, the pressure within the f o i l  insulat ion can be reduced from 

atmospheric t o  5 t o  5 W 0 4  Torr i n  a few hours. These tests were with 

l imited ground pumping equipment. 

r e s u l t  i n  shorter evacuation times. 

flow area w a s  considerably r e s t r i c t ed  i n  these t e s t s  due t o  both the 

presence of the f iberglass  mats between the f o i l s  and the compression of 

the insulat ion during evacuation of the vacuum bag. A purged f o i l  system 

w i l l  not be subjected t o  compression forces and w i l l  probably u t i l i z e  the 

aluminized polyester insulation, hence providing a r e l a t ive ly  unrestr ic ted 

flow area fo r  the exi t ing purge gas. 

evacuation of f o i l  insulated systems (Ref. 36), including perforating the 

fo i l s ,  but t h i s  usually deter iorates  the properties as well. Since no one 

has attempted t o  evacuate a purged system fo r  a simulated propellant tank, 

it is  premature t o  discuss augmentation methods a t  t h i s  time. 

For a l iqu id  hydrogen tank, a helium purge 

Provisions m u s t  be made t o  rapidly evacuate t h i s  system once Tn 

Experimental r e su l t s  of the vacuum-bag t e s t s  reported i n  

Using the  vacuum of space w i l l  ce r ta in ly  

It should a l so  be noted tha t  the gas 

Methods have been suggested t o  hasten 



Another problem that ex i s t s  i n  the purged system i s  the  poss ib i l i ty  

of "blowing'' the  f o i l  off  during rapid decompression on ascent t'hrough 

the atmosphere (Ref. 24). 

design and use of a containment bag. 

t h i s  i s  a r e l a t ive ly  unexplored area and requires some experimental r e=  

search. 

This can be avoided, however, with careful  

Again, as with purge gas evacuation, 

The performance of the purged f o i l  during ground hold w i l l  be con- 

siderably deteriorated due t o  the presence of the purge gas. 

thermal conductivity of the f o i l  insulation w i l l  be a t  l e a s t  equivalent 

t o  the thermal conductivity of the  purge gas i t s e l f  (Ref. 30). 

assumption, the boiloff rates of several  purge systems a re  shown i n  

Figure 10 as a function of insulat ion thickness. 

a helium purge, the boiloff rate for 1 inch of insulat ion i s  1.2 lb/hr-ftZ. 

This is  about a fac tor  of twenty higher than the r a t e s  obtained w i t h  a 

comparable vacuum-bag system during ground hold (Figc 9>,  

boi lof f  r a t e s  a re  not necessarily intolerable,  though, as evidenced by 

the  f a c t  t h a t  Centaur a l so  uses a helium purge during ground hold. 

The apparent 

Using t h i s  

For a hydrogen tank with 

These higher 

Also shown i n  Figure 10 i s  the  e f fec t  of using d i f fe ren t  purge gases 

The lower thermal conductivity of the Nz gas r e su l t s  for  an oxygen tank. 

i n  much lower boi loff  r a t e s  than those fo r  the helium gas, which immediately 

points out the l a t i t ude  available w i t h  the  select ion of purge gases. 

order t o  use a low thermal conductivity purge gas and, hence, r ea l i ze  

lower ground losses,  it must be insured tha t  the surfaces over which it 

passes a re  above the gas condensation temperature. For the  hydrogen tank, 

t h i s  i s  done by adding a base insulation t o  furnish the necessary temperature 

In 
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increase (Fig. 8 (d ) ) .  

r a t e s  of such a system fo r  various purge gases (C02, A, Ne, and Ne) as 

functions of f o i l  thickness. In  each case, the  thickness of the base insu- 

l a t i o n  (foam, fo r  t h i s  example) is  suf f ic ien t  t o  r a i s e  its surface tempera- 

t u r e  above the  condensation temperature of the  par t icu lar  purge gas, From 

the  f igure it i s  seen that C02 gives the lowest boi loff  r a t e  (an order-of- 

magnitude l e s s  than a helium purged system), but requires considerably 

more base insulat ion than the other gases. 

i s  considered secondary t o  tdtal insulation weight, then neon would be the 

most desirable purge gas, assuming all other  things equal, because it 

gives the  lowest foam insulat ion thickness and boiloff  r a t e s  a fac tor  of 

three l e s s  than the helium purge. However, higher weight penal t ies  due t o  

the base insulat ion w i l l  probably be accepted i n  order t o  use the  r e l a t ive ly  

inexpensive and p l e n t i f u l  purge gas nitrogen. The boiloff r a t e s  f o r  the  

nitrogen curve l i e  between the r a t e s  f o r  the helium purge system and the 

vacuum-bag system. The weight penalty f o r  the  required fQam var ies  from 

Oe15 t o  0.30 l b / f t 2  fo r  1/4 and 3 inches of f o i l ,  respectively. 

in te res t ing  t o  note t h a t  85 a purge gas (e.g., nitrogen) i s  removed, the  

thermal conductivity of the f o i l  w i l l  decrease considerably which w i l l  i n  

turn cause the temperature of the base insulat ion t o  decrease. 

surface temperature of the base insulation m a y  be suf f ic ien t  t o  cryopump the 

f o i l  and, hence, hasten obtainment of a good vacuumr 

Figure 11 is included t o  demonstrate the boi loff  

If boi loff  during ground hold 

It i s  

The decreased 

The basic application methods discussed thus fa r ,  t ha t  is, vacuum 

bag, purge bag, and vacuum or purge bag with an addi t ional  base insulation, 

m u s t  be protected from aerodynatdc forces and heating. For most space 



missions of any duration, the propellant tanks w i l l  be "buried" e i ther  by 

meteoroid or aerodynamic shields  and, hence, w i l l  avoid t h i s  problem. 

Tanks d i r ec t ly  exposed t o  aerodynamic heating w i l l  impose la rger  weight 

penadties f o r  f o i l  application due t o  the  necessary protection required 

fo r  the fo i l s .  A few methods of providing this protection a re  shown i n  

Figure 12. They include an outer reinforced metal l ic  or nonmetallic 

(e.g., foam or  cork) vacuum jacket, a metal l ic  or  nonmetallic sh ie ld  

( fo r  aerodynamic protection only) with purged insulat ion (Ref. 34 and 35) ,  

and a purged f o i l  held i n  compression by an outer layer  of je t t isonable  

insulation. Whether these systems can be used or not depends on the 

success of the vacuum- and purge-bag concepts. The l a t t e r  concept 

(Fig. 12(c) )  w i l l  be qui te  desirable i f  purge gases can be evacuated 

rapidly i n  space. The outer insulation, reinforced foam, for  example, could 

be banded t o  the tank and je t t isoned i n  space. The purged f o i l s  would then 

tend t o  "fluff-out" as the purge gas escapes and, hence, provide an uncom- 

pressed high-vacuum insulation. 

A common problem area i n  f o i l  application fo r  both vacuum and purged 

systems i s  the e f f ec t  of penetrations and discont inui t ies  i n  the insulation. 

I n  applying f o i l  insulat ion t o  a propellant tank, penetrations i n  the  insu- 

l a t i o n  a r e  required fo r  s t ruc tura l  support members, f i l l  and vent tubes, 

and insulat ion seams. 

both by radiat ion and by conduction. 

been placed i n  the area of penetrations and discontinuities,  including the 

work reported i n  References 28, 29, 37, and 38. The ana ly t ica l  approach 

has thus far indicated that significant heat leaks w i l l  r e s u l t  unless extreme 

These provide areas where additional heat can enter 

Considerable ana ly t ica l  e f f o r t  has 
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care i s  exercised i n  applying the fo i l .  Several suggested methods of 

minimizing these heat leaks are  given i n  References 29 and 38. 

models have been devised for various types of penetrations and discont inui t ies  

(Refs, 28 and 37) ,  and experimental ver i f icat ion of these models is  now under- 

way (Ref. 24). 

re la ted  experimental work completed thus far (Ref. 32 and 39) indica5es 

that the  heat-leak contributions due t o  penetrations and discont inui t ies  i n  

the insulat ion w i l l  not cause an order-of-magnitude increase i n  the heat 

flux through an insulated propellant tank. 

tank reported i n  Reference 32, which included r e a l i s t i c  insulat ion seams 

and one major penetration, was roughly seven times higher than that  pre- 

dicted for an idea l  insulat ion (continuous blanket with no penetrations, 

and so for th) ,  

deter torat ions due t o  both the incomplete vacuum-bag recovery and the 

0.5~10'~ Torr vacuum as w e l l  as deteriorations due t o  penetrations and dis- 

continuities.  The work reported i n  Reference 39 determined the  performance 

of a 3-foot-diameter spherical  tank insulated with aluminized polyester 

insulation. 

l i n e s  as well as the necessary insulation seams, Under simulated space 

conditions (high vacuum), the  resul t ing heat leak through the insulat ion was 

roughly 25 percent higher than t h a t  predicted using idea l  f o i l  properties. 

Although there was  considerable sca t te r  i n  the data presented, these r e s u l t s  

(and those i n  Ref. 32) indicate  that the  heat leak contributions due t o  

penetrations and discont inui t ies  w i l l  be considerably l e s s  than an order-of- 

magnitude effect .  

Analytical 

Although the  r e su l t s  of this work are  not yet  available, 

The heat f lux for  the  insulated 

This seven-fold increase i n  heat flux included performance 

The tank included penetrations for  supports and f i l l  and vent 
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The remaining problem area with f o i l  application involves the manu- 

facturing and handling techniques f o r  large f o i l  insulated propellant tanks, 

These techniques w i l l  depend la rge ly  on whether a vacuum- or purge-bag 

system i s  used. 

t o  be more secure than f o r  a vacuum-bag system because of the decompression 

forces. 

w i l l  be more s t r ingent  i n  order t o  avoid puncturing the vacuum bag. 

i n  a purge bag should not be a serious problem. 

due t o  penetrations and discontinuities w i l l  be common t o  any system as 

w i l l  t he  methods of applying the f o i l s  t o  cylindrical ,  spherical, toroidal,  

and other shaped tanks. 

For example, the  f o i l  f o r  a purge-bag system w i l l  have 

On the other hand, the handling requirements fo r  a vacuum-bag system 

Punctures 

Minimization of the  e f fec ts  

Swnmarizing, both the  vacuum-bag and purge-bag technique appear t o  be 

reasonable methods of applying f o i l  t o  space-weight tankage, 

tanks, e i the r  system can be augmented i n  r e l i a b i l i t y  or performance with 

the addition of a base insulation. Application of f o i l  t o  s torable  pro- 

pe l lan t  tanks w i l l  present fewer problems because the poss ib i l i ty  of con- 

densation i n  the f o i l  disappears. Research i s  needed on (1) methods of 

improving vacuum-bag recovery, (2)  evacuation r a t e s  of purge gases, (3) 

mechanical i n t eg r i ty  of f o i l  during rapid decompression, (4) sealing of base 

insulations,  (5) base insulat ion requirements fo r  both systems, (6) e f fec ts  

of penetrations and discont inui t ies ,  and (7) manufacturing and handling 

techniques of large f o i l  insulated tanks, 

For cryogenic 

Weight penal t ies  fo r  f o i l  insulated systems. - A t  the  present time, it 

i s  d i f f i c u l t  t o  say which of the f o i l  application concepts discussed w i l l  

r e s u l t  i n  the lowest overal l  weight penalty for a given mission. In  order 



t o  summarize the weight penalt ies associated with f o i l  application the 

e f fec ts  on the kp and TG comparison parameters a re  needed. An attempt 

at this i s  shown i n  Figure 13 for a l iqu id  hydrogen tank (suf f ic ien t  f o r  

r e l a t i v e  comparisons), G, which gives a d i rec t  comparison of the 

weight penal t ies  fo r  a vented hydrogen tank, i s  shown for  various systems 

as a function of uncompressed f o i l  thickness. 

t u re  w a s  assumed t o  be 530' R for all cases. Curve 1 on Figure 13 i s  f o r  

f o i l  with no application penalties;  t ha t  i s ,  a blanket of insulat ion with 

idea l  values of thermal conductivity and density. 

evacuated p e r l i t e  (curve 9) a r e  a l so  with no application problems. 

through 7 demonstrate the penal t ies  involvch for  various applications of 

f o i l .  These curves include weights of necessary seals  (0.03 lb / f t2) ,  

vacuum or  purge bags (0-03 lb / f tZ) ,  base insulat ion (3 lb/ft3,  foam i n  this 

case), glue l i n e  f o r  base insulat ion (0-10 lb / f t2)  , and f o i l  weight 

(4.7 lb/f t3) .  

insu la t ion  a re  not included because so much depends on the par t icu lar  in- 

s t a l l a t i o n  method, As indicated previously, however, the resu l t ing  heat 

leak  w i l l  be much l e s s  than an order-of-magnitude e f f ec t  which i n  turn  

means t h a t  the values presented w i l l  increase considerably l e s s  

than a fac tor  of three over the idealized f o i l  (curve 11, 

The 

The outer insulat ion tempera- 

Foam (curve 8) and 

Curves 2 

Penalties due t o  penetrations and discont inui t ies  i n  the 

The penalty fo r  a vacuum bag with perfect  recovery can be obtained by 

comparing curves 1 and 2. 

(curve 3) t o  enhance the system re l i ab i l i t y ,  the 6 parameter increases 

by a f ac to r  of 1.5 above the case with f o i l  and a vacuum bag, The results 

of an ac tua l  vacuum-bag system, as reported i n  Reference 32, a r e  depicted 

If a base insulat ion i s  added beneath the f o i l  
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by curve 4. 

the curve i s  extrapolated- A major portion of the  increase of the  fi i s  

probably due t o  the  incomplete vacuum-bag recovery. The remaining per- 

formance deter iorat ion i s  a r e su l t  of the  high density of the in s t a l l ed  

insulat ion (11.7 lb/ f t3) ,  the vacuum (0.5X10-3 Torr), the  heat leaks through 

insulat ion seams, and so forth.  

because the performance is  s t i l l  about fou r  t i m e s  be t t e r  than foam on a 

6 basis .  

The point at 1 inch i s  an experimental point where the  rest of 

The r e s u l t s  a r e  very encouraging though, 

The weight penal t ies  that might be incurred i n  purged f o i l  systems 

a re  depicted by curves 2 and 5 t o  7. 

is  shown by curves 2, 5, and 60 Even with a poor vacuum of Torr 

(curve 6) , t h e  purged system shows weight penal t ies  about a factor  of eight 

l e s s  than the foam. 

purge ( t o  reduce ground losses) instead of a h e l i m  purge i s  obtained by 

comparing curves 2 and 7. Both of these curves assume the residual  purge- 

gas pressure i s  l e s s  than lo5 Torr, Decreasing the  ground boi loff  r a t e s  

by a fac tor  of 5 (from Fig. 10 and 11) i n  this case causes a 30 percent 

increase i n  weight penalty, 

The e f f ec t  of a deter iorated vacuum 

The r e l a t i v e  e f fec t  of adding foam and using a nitrogen 

Although penal t ies  are incurred f o r  all application methods, they a re  

considerably l e s s  than the nearest nonvacuum insulat ion competitor foam, 

It appears t h a t  evacuated powders will a l so  cause higher weight penalt ies,  

especial ly  since they a re  faced with the  same vacuum requirement as the  f o i l .  

From t h e  curves it i s  apparent t ha t  increasing the  r e l i a b i l i t y  of the 

vacuum-bag concept by adding foam increases the weight penalties, but the 

pena l t ies  s t i l l  are not unreasonably high and, hence, t h i s  concept should 
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def in i te ly  be considered. 

systems a l so  do not appear severe, indicating that t h i s  i s  a very worth- 

while concept t o  pursue. 

The penalties due t o  poor evacuation of purged 

Shadow Shields 

Application methods and probilkms. - Shadow shields,  as a means of 

protection *om the sun, have received l i t t l e  consideration i n  many mission 

studies because of or ientat ion requirements or near-planetary operations. 

They have usually been ru led  out along with the conventional insulations 

(e.g., foam) i n  favor of t he  f o i l  insulation. After considering the many 

f o i l  application problems, however, it might be wise a t  this point t o  re- 

assess the  shadow sh ie ld  as a means of thermal protection f o r  these missions, 

The performance of shadow shields depicted i n  Figures 4 t o  7 was based 

upon the  assumptions of thermally isolated,  i n f i n i t e l y  conducting shields  

and a vacuum low enough t o  negate gaseous conduction. 

only the  l a t t e r  can be def in i te ly  attained, and then only i n  the  vacuum 

environment of space. 

O f  these assumptions 

The assumption of thermally isolated,  i n f i n i t e l y  conducting shields, 

of course, cannot be obtained. 

s t ruc ture  and proper spacing of the shields, however, the desirable properties 

of the  shadow shields can be realized. Again, as with the f o i l  insulation, 

the performance of the shadow shields could deter iorate  considerably and 

s t i l l  provide a very effect ive method of l imit ing heat input. Design of 

supporting s t ruc ture  fo r  the  shields must follow the same principles used t o  

l i m i t  heat t ransfer  through plumbing and tank supports (Refs. 28 and 30). 

With careful  design of the sh ie ld  supporting 

, 



Typical shadow shield supports a re  shown i n  Figure 14. I n  these designs 

every attempt was made t o  provide poor thermal contact between the shield 

and supporting member, In practice,  t h i s  should not be too d i f f i c u l t  since 

the shadow shields will generally be extremely l i gh t ,  a few pounds o r  less .  

The assumption of i n f i n i t e l y  conducting shields could be approximated 

This adds weight closely by using r e l a t ive ly  thick aluminum shields,  

t o  the system, however, and must be weighed against the penal t ies  resu l t ing  

from using th in  low conducting shields, 

shadow shields  indicates  temperature var ia t ions w i l l  occur across zero 

conducting shields  fo r  low values of spacing r a t i o  (%.R = 0.1). For l a rger  

spacing r a t i o s  on the  order of one, the temperature var ia t ions are minimized, 

It is  not know a t  this time, however, how the spacing r a t i o  w i l l  a f f e c t  

the heat t ransfer  through two or  more shields.  

Work i n  Reference 40 on dual 

The requirement of a vacuum environment for shadow shields  cannot 

be met while i n  the atmosphere. 

however, t h a t  evaeuation i n  space i s  no problem. 

shields are far enough par t  t o  permit almost instantaneous evacuation once 

i n  the vacuum of space. 

The nature of the  shadow shields  i s  such, 

This i s  because the  

Elaborate protection methods fo r  the shadow shields,  

therefore,  a r e  not required. Additional insulat ion t o  l i m i t  excessive 

ground losses  may be required, but t h i s  w i l l  i n  no way a f f ec t  the sh ie ld  

performance. 

f o i l  depending upon the mission. 

The insulat ion f o r  ground hold could be foam ox perhaps purged 

In  summary, most of the work t o  date on shadow shields  has been analyt ical  

i n  nature. 

needed on (1) the  e f fec t  of spacing ra t io ,  absorptivity (solar and t h e m ) ,  

Both experimental research and fur ther  ana ly t ica l  research is  
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and emissivity on shadow sh ie ld  heat t ransfer ,  (2) t he  e f fec t  of conduction 

between the shields and supporting structure,  (3) the  e f fec t  of using 

r e m i s t i c  sh ie ld  conductivities, and (4) t he  inherent vehicle integrat ion 

problems. 

Weight penal t ies  fo r  shadow shield systems, - The weight penal t ies  

chargeable t o  a shadow shield system depend on the  par t icu lar  mission, but, 

i n  general, can include one or more of the following: 

support weight, addi t ional  s t ruc ture  required t o  accommodate the shields  

(due t o  space needed fo r  reasonable spacing r a t i o s ) ,  additional insulat ion 

required fo r  ground protection, and a t t i t ude  control system weight. 

optimize a system fo r  cryogenic protection, these weights (less the  

a t t i t u d e  control system) m u s t  be traded against  boi loff  weight. 

tradeoff i s  not as straightforward as t he  insulat ion tradeoffs that w e r e  

made on a 

systems against  shadow shield systems cannot be made without a de ta i led  

design study. 

sh ie ld  weight, 

To  

The resu l t ing  

basis. For this reason d i r ec t  camparison of f o i l  insulated 

In  order t o  obtain a r e l a t ive  comparison of thermal protection systems, 

both f o i l  and shadow shields  a re  considered for a single  burn hydrogen- 

oxygen upper stage t h a t  places a payload i n  a Venus orbi t .  The stage is  

placed on a t ransfer  t ra jec tory  t o  Venus with a C1-B Centaur. 

(storage time) i s  120 days from Ear th  o r b i t  t o  Venus orb i t ,  and the  stage 

weighs roughly 4500 pounds with a propellant loading of 4100 pounds.. The 

resulting thermal protection systems are shown i n  Figures 15 and 16. 

vehicles a re  purged with cold helium gas pr ior  t o  launch and j e t t i s o n  

aerodynamic insulat ion a f t e r  leaving the  atmosphere, 

Mission time 

Both 



For the  f o i l  insulated system, it was assumed t h a t  (1) the  outer f o i l  

temperature was constant at 420° R 

propellant bo i l s  off at 14.7 psia, (3) the  K fac tor  given i n  equation (1) 

i s  1-08 / e (Av/lg) as given i n  Reference 8, and (4) i dea l  f o i l  properties 

a re  used (curve 1 of Fig. 13). 

obtained: 

(Pigs 1 f o r  as je t  = 0.3), (2) t he  

With these assumptions, the  following was 

Propellant Optimum f o i l  Fo i l  weight Boiloff Weight Payload 
tank thickness penalty 

Hydrogen L.1 in. 65 lb 136 lb 132 lb 

oxygen 1.6 in. 49 lb 99 l b  98 l b  

These weight penalt ies,  about 230 pounds fo r  t h e  e n t i r e  system, a r e  f o r  

perfect  f o i l  properties. The penalties f o r  a more r e a l i s t i c  system a r e  

obtained by ra t io ing  the  fi parameters i n  Figure 13, For example, 

using the  experimental r e su l t s  reported i n  Reference 32 (data  point on 

Figure 13), the  t o t a l  payload penalties w i l l  be about four times higher 

which could negate the usefulness of t h i s  stage fo r  t h i s  par t icu lar  

mission. A s  a matter of in te res t ,  the propellant boiloff due t o  heat t ransfer  

through the plumbing and s t ructure  i s  roughly 34 and 71  pounds fo r  the 

hydrogen and oxygen tanks, respectively. 

The shadow sh ie ld  design (Fig. 16) assumed (1) constant or ientat ion 

toward the sun, (2)  outer sh ie ld  temperature of 530' R, (3) inner shields 

have absorp t iv i t ies  and emissivit ies of 0.1, (4) propellant bo i l s  off  a t  

14.7 psia,  and (5) idea l  shadow shield performance, 

the  weight penalt ies of the shielded vehicle shown i n  Figure 16 are  as 

Using these assumptions, 
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follows: 

18 lb ,  (3) shield attachments - 20 lb, and (4) boiloff  penalty - 10 lb. 

Thus, t h e  t o t a l  weight penalty l e s s  the a t t i t ude  control system i s  

71 pounds. 

of foam t o  the tanks, which adds another 47 pounds, bringing -the t o t a l  t o  

roughly 118 pounds. These weight estimates a re  crude, but a re  of the 

r i g h t  order of magnitude, I f  the vehicle spends any time i n  Earth o r b i t  

addi t ional  penalt ies w i l l  r esu l t .  

the  supports a re  10 and 39 pounds for the  hydrogen and oxygen, respectively, 

Although the r e su l t s  of both systems ( f o i l  and shadow shields) are 

(1) shadow sh ie ld  weight - 23 lb ,  (2)  addi t ional  support s t ruc ture  - 

The ground boi loff  r a t e s  could be reduced by adding 0.5 inch 

The boi loffs  due t o  conduction through 

admittedly optimistic, they are u s e m  i n  tha t  they serve t o  point out the 

la rge  gains available w i t h  the use of shadow shields,  

used, the weight penalty for the  shadow sh ie ld  system was roughly one half 

of that for  the  f o i l  insulated system, 

longer duration missions. 

sh ie ld  system w a s  t ha t  of the a t t i tude  control system. 

the  a t t i t u d e  control system may be required f o r  other reasons (e.g., 

maintaining a s t ab i l i zed  vehicle t o  enable communications w i t h  Earth via 

high gain antennas) and w i l l  not be chargeable t o  the shadow shield system. 

Even i f  the  a t t i t u d e  control system is  considered as a weight penalty, 

shadow shields should def in i te ly  be considered fo r  most long duration 

missions. 

possible  with f o i l  application. 

For the  mission 

These gains will a l so  magnify for 

The only weight penalty not included fo r  the 

For many missions 

T h i s  i s  especially t rue  i n  l i g h t  of the additional penal t ies  

Shadow shields w i l l  a l so  provide very lightweight thermal protection 

systems whenever high-temperature components a re  on board or when near 
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passes t o  the sun are  made. The l a t t e r  case is  in te res t ing  i n  tha t  two 

shadow shields w i t h  the  capabi l i ty  of varying the spacing r a t i o  from 

0 t o  1.0 (extendable shields)  can completely eliminate the heat t ransfer  

i n t o  a 530' R payload (manned perhaps) t o  distances within 0.4 AU of t he  

SUn. 

As mentioned ea r l i e r ,  the shadow shields  are prac t ica l ly  useless fo r  

However, even here they may serve cryogenic protection near the planets. 

a useful function i n  that  they eliminate the la rges t  heat source, the sun, 

Future thermal protection systems, then, w i l l  probably use combinations 

of shadow shields and f o i l s  and, hence, u t i l i z e  the desirable properties 

of both. For example, on missions t o  nearby planets, the propellant tanks 

could be effect ively protected by shadow shields during interplanetary 

t ransfer  and by f o i l  during o r b i t a l  operations. This would allow long 

time periods for  outgassing before the f o i l  i s  needed. 

CONCLUS Ions 

Comparisons of available thermal protection systems fo r  propellant 

tankage indicates that m u l t i p l e  f o i l  insulat ion and/or shadow shields w i l l  

provide the l e a s t  weight penal t ies  f o r  the  intermediate duration space 

missions (hours t o  years). 

shadow shields,  but do not appear insurmountable. 

Application problems ex i s t  fo r  both f o i l  and 

Two of the  more promising methods of applying f o i l  insulat ion t o  

"buried" space tankage a re  the vacuum-bag and the  purge-bag concepts. 

Considerable experimental e f f o r t  has been placed on the vacuum-bag concept 

w i t h  encouraging resu l t s .  The r e l i a b i l i t y  of the  vacuum-bag appears 



questionable, however, due t o  the poss ib i l i ty  of condensing in-leaking gases- 

Addition of a base insulat ion beneath the f o i l  w i l l  considerably enhance 

the system r e l i a b i l i t y .  

concept despite i t s  inherent advantages i n  s implici ty  and r e l i a b i l i t y ,  

This concept should def in i te ly  be pursued fur ther  as it may very well pro- 

vide the l i g h t e s t  method of applying fo i l .  

r e su l t s  indicate  t h a t  e i ther  concept w i l l  out-perform all other nonfoil 

insulat ions despite deteriorations and compromises i n  the f o i l  properties. 

Lit t le e f for t  has been placed on the  purge-bag 

Analytical and some experimental 

Experimental research i s  needed on vacuum-bag recovery, sealing of base 

insulations,  evacuation r a t e s  of purge gases, mechanical i n t eg r i ty  of 

f o i l  during rapid decompression, base insulat ion problems and requirements, 

e f fec ts  of penetrations and discontinuities,  manufacturing techniques of 

applying foil to l a rge  space vehicle tankage, and the  inherent handling 

problems. 

Research i s  a l so  needed on methods of applying f o i l s  t o  surfaces t h a t  

w i l l  be exposed t o  a e r o d y n d c  loads and heating. 

pena l t ies  w i l l  be higher than t h a t  of the  "buried" tankage, the  f o i l  in- 

su la ted  systems w i l l  s t i l l  weigh l e s s  than the conventionally insulated 

systems (e.g., foam) for  missions more than a f e w  hours i n  duration. 

Although the  weight 

Application of shadow shields t o  space vehicle tankage should be less 

of a problem than f o i l  application, primarily because no special  provisions 

have t o  be made f o r  the t r ans i t i on  from an E a r t h  environment t o  a space 

environment. Care m u s t  be taken, however, i n  the  shadow shield support 

methods used i n  order t o  insure poor thermal communication between the 

supporting s t ruc ture  and shields. For cryogenic tankage, addi t ional  insulat ion 
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(foam, fo i l ,  and so for th)  may be required t o  reduce excessive ground 

losses. Research i s  needed on the effects of conduction between shields 

and supporting members and the effects  of shield thermal conductivity, 

spacing ra t io ,  absorptivity,  and emissivity on the  sh ie ld  temperatures 

and resu l t ing  heat t ransfer .  

The choice between a f o i l  insulated system and a shadow shield 

system depends on the par t icu lar  vehicle and mission, For missions re- 

quiring extended near-planetary operations, f o i l s  w i l l  yie ld  the l i g h t e s t  

weight system. Conversely, missions requiring long coast periods i n  

interplanetary space w i l l  require the use of shadow shields. Shadow 

shields  w i l l  also provide the l i gh te s t  thermal protection systems when- 

ever intense heat sources a re  encountered - for  example, near passes t o  

the sun, For many missions, however, the  desirable properties of both 

f o i l  and shadow shields  can be used t o  complement each other. 

duration missions t o  nearby planets could be protected effect ively by 

Long 

shadow shields during interplanetary t ransfer  and by f o i l s  during o r b i t a l  

operations around a planet. Shadow shield protection during the t r i p  

'b a planet, o r  the  moon, could allow the f o i l  insulat ion many hours o r  

days t o  outgas and, hence, become very effective.  
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APPrnTX - SYMBOLS 
surface area, f t 2  

constant t o  account f o r  boiloff pr ior  t o  s tage f i r i n g  

gravi ta t ional  constant, 32.2 f t / sq  sec 

f i lm coefficient,  Btu/hr-sq f t  OR 

heat of vaporization, Btu/lb 

spec i f ic  impulse, sec 

factor  t o  account fo r  t he  effect  of losing boi loff  before stage 

f i r i n g  and the e f f ec t  of additional s t ruc ture  required t o  contain 

the  propellant t h a t  w i l l  boil o f f  

apparent mean thermal conductivity of insulation, B t u  in./hr-sq f t  OR 

t o t a l  length of shadow shield system/radius of cold body 

length of structural sup.ports, l b  

number of shadow shields or f o i l s  

load on s t ruc tu ra l  supports, lb 

stress of s t ruc tu ra l  supports, lb/sq in. 

thickness of insulation, i n .  

ambient temperature, OR 

temperature of hot surface, OR 

boi loff  weight, lb 

t o t a l  weight penalty chargeable t o  tank s t ruc tu ra l  members, l b  

t o t a l  weight penalty, l b  
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a, 

as 

E 

Et 

P 

a 

7 

AT 

AV 

thermal absorptivity of surface 

so la r  absorptivity of surface 

t o t a l  hemispheric emissivity of surface 

t o t a l  hemispheric emissivity of surface exposed t o  sun 

insulat ion density, lb/cu f t  

Stefan-Boltzman constant, 1.713X10-g Btu/hr-sq f t  OR* 

time, hr 

temperature difference, OR 

veloci ty  increment, f t /sec 
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Fig. 1. - Equilibrium temperature of a perfect ly  insulated sphere and 
cylinder ro ta t ing  i n  the sun. 

Fig. 2. - Apparent thermal conductivity of Linde S I  insulat ion between 
var iable  ambient temperature and l iqu id  hydrogen and l iqu id  oxygen 

Lo temperatures. Data from Reference 8. 
K) 
N cu 

Fig. 3. - Effect of helium gas pressure on apparent thermal conductivity of & 
f o i l  insulation. Data from Reference 29. 

Fig. 4. - Effect of number of shadow shields and spacing r a t i o  on heat 
t ransfer  between two bodies, a = E = 0.1. 

Fig. 5. = Effect of emissivity and number of shadow shields  on the heat 
t ransfer  between two bodies, %/R = 0.1. 

Fig. 6. - Effect of source temperature and number of shields N on heat 
t ransfer  between two bodies, %/R = 1.0, a = E = 0.1. 

Fig. 7 ,  = Effect of outer surface s o l a r  absorpt ivi ty  and thermal emissivity 
on heat t ransfer  through conical array of shields,  %/R =? 0.5, 
a - E - 0.11 
(a) Foil enclosed i n  vacuum ,bag. (b) Insulation combination with 

vacuum bag. 

Fig. 8. - Various methods of applying f o i l  insulat ion t o  cryogenic tanks. 

( c )  Fo i l  enclosed i n  purge bag. (d) Insulation combination with 
Purge bag* 

Fig. 8. - Concluded. Various methods of applying f o i l  insulat ion t o  cryogenic 
tanks. 

Fig. 9. - Effect of uncompressed f o i l  thickness on hydrogen boiloff r a t e  
and required thickness of foam. 

Fig. 10. - Effect of purge gas and f o i l  insulat ion thickness on boiloff ra tes .  

Fig. 11. - Effect of f o i l  thickness on H2 boi loff  r a t e  and required foam 
thickness for  various purge gases. 

Fig. 12. - Foi l  insulated tanks capable of withstanding aerodynamic loads 
and heating. 



Fig. 13, - Effect of various insulation systems on the insulat ion comparison 
parameter. 

Fig. 14. - Ldw conducting shadow shield supports. 

(a) Boost from Earth, (b) Earth-Venus t r ans i t .  

Fig. 15. - Venus orbi ter  with f o i l  insulation. 

(a) Boost from Earth. (b) Earth-Venus t r a n s i t ,  

Fig. 16. - Venus orbi ter  with shadow shields,  
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Fig .  2 .  - Apparent thermal conduct ivl ty  
of Linde S I  i n s u l a t i o n  between va r i -  
ab l e  ambient temperature and l i q u i d  
hydrogen and l i q u i d  oxygen teinpera- 
t u r e s .  Data from Reference 8. 
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